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The ferroelectricity of epitaxially grown lanthanide-substituted Bi4Ti3O12 , (Bi42xLnx)Ti3O12 (Ln
5La, Nd, and Sm! thin films with various lanthanide contents ~x! was systematically investigated;
~104!-oriented epitaxial (Bi42xLnx)Ti3O12 thin films were grown on (111)SrRuO3i(111)SrTiO3
substrates by metalorganic chemical vapor deposition. The remanent polarization ~Pr! increased
with x irrespective of the kind of lanthanide element. The maximum Pr values were 17, 25, and 20
mC/cm2 for (Bi3.44La0.56)Ti3O12 , (Bi3.54Nd0.46)Ti3O12 , and (Bi3.87Sm0.13)Ti3O12 thin films, where
the coercive field ~Ec! values were 145, 135, and 135 kV/cm, respectively. Reduction in the Pr
values due to the excess substitution of the lanthanide is considered to originate from the solubility
limit of the lanthanide in the Bi site in the pseudoperovskite layer. The Nd-substituted film with the
largest polarization is comparable to the commercially used Pb(Zr,Ti)O3 films and is a useful
candidate for lead-free ferroelectric applications. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1536010#I. INTRODUCTION
La-substituted Bi4Ti3O12 , (Bi42xLax)Ti3O12 , is an at-
tractive lead-free material for ferroelectric random access
memory ~FeRAM! applications because of its relatively large
remanent polarization and fatigue-free characteristics.1,2 We
already reported for polycrystalline and epitaxially grown
films that La substitution is effective for obtaining superior
ferroelectric properties at low deposition temperature to-
gether with a decrease in the leakage current density.3,4
Bi4Ti3O12-based material consists of a layer structure of
(Bi2O2)21 and (Bi2Ti3O10)22 pseudoperovskite layers
stacking along the c-axis direction. It has been reported for
this structure that the rotation of the TiO6 octahedron in the
a-b plane accompanied by a tilt of the octahedra from the c
axis is largely enhanced by the lanthanide substitution in the
Bi site in the pseudoperovskite layer.5,6 Therefore, the sub-
stitution in the Bi site by other lanthanides with smaller ionic
radius than that of La is expected to increase the polarization.
However, the substitution effects of other lanthanide ele-
a!Author to whom correspondence should be addressed. Present address:
Department of Innovative and Engineered Materials, Interdisciplinary
Graduate School of Science and Engineering, Tokyo Institute of Technol-
ogy, G1-405, 4259 Nagatsuta, Midori-ku, Yokohama 226-8502, Japan;
electronic mail: funakubo@iem.titech.ac.jp1700021-8979/2003/93(3)/1707/6/$20.00
Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject toments on the ferroelectric properties have not yet been re-
ported. To clarify the effect of the lanthanide substitution, the
investigation using epitaxial films with the same orientation
is essential because the ferroelectric properties of these ma-
terials depend strongly on the film orientation.7,8 In the pre-
vious study, the Nd substitution was reported to lead to a
large ferroelectricity with a Pr value of 25 mC/cm2 observed
for (Bi3.54Nd0.46)Ti3O12 thin film.13 In the present study, the
effect of lanthanide substitution, La ~1.36 Å!,9 Nd ~1.27 Å!,9
and Sm ~1.24 Å!,9 in the Bi site in the pseudoperovskite layer
on the ferroelectric properties was systematically investi-
gated for ~104!-oriented epitaxially grown films by metalor-
ganic chemical vapor deposition ~MOCVD!. As a result, the
Pr of the Nd-substituted film was found to be comparable to
that of the commercially used Pb(Zr,Ti)O3 film for FeRAM
applications.
II. EXPERIMENT
Films 300–400 nm thick (Bi42xLnx)Ti3O12 (Ln5La,
Nd, and Sm! were deposited at 700 °C by MOCVD using an
apparatus having a vertical cold-wall-type reaction
chamber. Bi(CH3)3 , Ti(O-i-C3H7)4 , La(C11H19O2)3 ,
Nd(C12H21O2)3 , and Sm(C12H21O2)3 were used as sources
for Bi, Ti, La, Nd, and Sm, respectively. Oxygen gas was
used as an oxidant. Ferroelectric thin films with various con-7 © 2003 American Institute of Physics
 AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
1708 J. Appl. Phys., Vol. 93, No. 3, 1 February 2003 Kojima et al.tents of the lanthanide were prepared by changing the source
gas supply rate. The use of Raman spectroscopy allows a
precise picture of the cation distribution, which indicates a
pronounced site selectivity of lanthanide ions for the A site
for x,;1;10 ~111!-oriented epitaxial SrRuO3 grown on
(111)SrTiO3 single crystals by MOCVD were used as sub-
strates. Relatively thick films were deposited at high tem-
perature to obtain high-quality films with low leakage cur-
rent densities.
The content of the lanthanide in the films was measured
by x-ray fluorescence spectroscopy ~Philips PW2404! cali-
brated using standard samples ~TOSHIMA Mfg. Co., Ltd.!.
The constituent phase and the orientation of the films were
identified by x-ray diffraction ~XRD!. The electrical proper-
ties were measured by RT6000 HVS test system ~Radiant
technologies! using a Pt/(Bi42xLnx)Ti3O12 /SrRuO3 /
(111)SrTiO3 structure with a 100 mm f Pt top electrode.
FIG. 1. X-ray diffraction patterns of ~a! Bi4Ti3O12 , ~b! (Bi3.44La0.56)Ti3O12 ,
~c! (Bi3.54Nd0.46)Ti3O12 , and ~d! (Bi3.87Sm0.13)Ti3O12 thin films grown on
(111)SrRuO3 //(111)SrTiO3 substrates.
FIG. 2. X-ray pole figure plots of ~a! Bi4Ti3O12 , ~b! (Bi3.44La0.56)Ti3O12 ,
~c! (Bi3.54Nd0.46)Ti3O12 , and ~d! (Bi3.87Sm0.13)Ti3O12 thin films grown on
(111)SrRuO3 //(111)SrTiO3 substrates. The fixed 2u angles correspond to
the 117 peak.Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject toIII. RESULTS AND DISCUSSION
A. Crystal structure
Figure 1 shows the XRD patterns of the ~a! Bi4Ti3O12 ,
~b! (Bi3.44La0.56)Ti3O12 , ~c! (Bi3.54Nd0.46)Ti3O12 , and ~d!
(Bi3.87Sm0.13)Ti3O12 thin films prepared on
(111)SrRuO3i(111)SrTiO3 substrates. Only 104, 208, and
4016 diffraction peaks were observed together with those
from the substrates for the Bi4Ti3O12 and La- and Nd-
substituted Bi4Ti3O12 films as shown in Figs. 1~a!–1~c!. Full
width at half maximum values of the rocking curves of 104
diffraction peaks were 1.46°, 1.03°, and 1.75° for Bi4Ti3O12 ,
(Bi3.44La0.56)Ti3O12 , and (Bi3.54Nd0.46)Ti3O12 films, respec-
tively, indicating that the perfections of the orientation are
FIG. 3. Integrated peak intensity of the poles shown in Fig. 2.
FIG. 4. ~a! The leakage current density as a function of applied electric field
for the Bi4Ti3O12 , (Bi3.44La0.56)Ti3O12 , (Bi3.54Nd0.46)Ti3O12 , and
(Bi3.87Sm0.13)Ti3O12 thin films, and ~b! the leakage current density at
an applied electric field of 120 kV/cm for the
Pt/(Bi42xLnx)Ti3O12 /SrRuO3 /(111)SrTiO3 structure as a function of the
lanthanide content, x, in (Bi42xLnx)Ti3O12 . AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
1709J. Appl. Phys., Vol. 93, No. 3, 1 February 2003 Kojima et al.FIG. 5. AFM images of ~a! Bi4Ti3O12 , ~b! (Bi3.44La0.56)Ti3O12 , ~c! (Bi3.54Nd0.46)Ti3O12 , and ~d! (Bi3.87Sm0.13)Ti3O12 thin films grown on
(111)SrRuO3 //(111)SrTiO3 substrates.almost the same. This shows that these films have the ~104!
orientations. On the other hand, a clear peak originating from
the film was not observed for the Sm-substituted film as
shown in Fig. 1~d!.
Figure 2 shows x-ray pole figures of the same films
shown in Fig. 1, measuring at the fixed 2 theta angles of
30.1° corresponding to the 117 diffraction peak. All films
were verified to be epitaxially grown with three in-plane ori-
entations deviating from each other by an azimuth of 120° as
already reported for Bi4Ti3O12 films.11 In Fig. 1~d!, a clear
peak was not detected for the Sm-substituted film in spite of
the clear spots in Fig. 2~d! originating from the epitaxial
growth. This is due to the low degree of the crystal orienta-
tion together with the original low peak intensities of $104%,
$208%, and $4016I % diffraction. In fact, the peak intensity of
the poles for the Sm-substituted film was lower than that for
the other films as shown in Fig. 3.
B. Leakage current density
Figure 4~a! shows the leakage current density for the
Pt/(Bi42xLnx)Ti3O12 /SrRuO3 /(111)SrTiO3 structure as a
function of the applied electric field for the same films
shown in Fig. 1. The leakage current density of the
Bi4Ti3O12 thin film was large but drastically decreased with
the lanthanide substitution. Figure 5 shows the atomic force
microscopy ~AFM! images of the same films shown in Fig.
4~a!. In epitaxially grown Bi4Ti3O12 films, the leakage cur-
rent density was strongly affected by the surface roughness
of the film.11 The average surface roughness ~Ra! ofDownloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject toBi4Ti3O12 , La, Nd, and Sm-substituted films estimated from
Fig. 5 was 18.7, 19.7, 23.2, and 12.2 nm, respectively. This
shows that the leakage current density of these films shown
in Fig. 3~a! was not affected by the surface roughness but by
the lanthanide substitution. Figure 4~b! shows the leakage
current density at an applied electric field of 120 kV/cm as a
function of the lanthanide content, x. The leakage current
density of the Bi4Ti3O12 thin film was on the order of
1022 A/cm2 but was drastically decreased to below
1025 A/cm2 irrespective of the lanthanide elements and the
lanthanide content, x, ranging from 0.08 to 0.75. This shows
that the substitution of lanthanide elements is effective in
decreasing the leakage current densities as already reported
for La-substituted films.3
C. Dielectric properties
Figure 6~a! shows the frequency dependency of the di-
electric constant («r) for the same films shown in Fig. 1. The
value of «r gradually decreased with increasing frequency.
However, this tendency was almost the same for all films.
Figure 6~b! shows the «r at 1 kHz as a function of the lan-
thanide content. For La-substituted films, «r slightly de-
creased with the substitution content up to x50.56 but
slightly increased at x50.75. For Nd-substituted films, «r
increased up to x50.46 compared with that of Bi4Ti3O12
film but drastically decreased at x50.63. The same tendency
relative to the substitution content was also observed for Sm-
substituted films; «r increased up to x50.30 but drastically
decreased at x50.58. It must be pointed out that the substi- AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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was smaller than that of the Nd-substituted film.
D. Ferroelectric property
Figure 7 shows P-E hysteresis loops of the ~104!-
oriented epitaxial La, Nd, and Sm-substituted Bi4Ti3O12 thin
films with various lanthanide contents. Figures 8~a! and 8~b!
show the saturation properties of the Pr and the Ec values
against the maximum applied electric field, respectively, ob-
tained from Fig. 7 for the same films shown in Fig. 1. A large
ferroelectricity was observed for the Nd-substituted films. As
shown in Fig. 7, both the Pr and Ec values of the Bi4Ti3O12
film did not become saturated and were found to be small.
This is due to the larger leakage current density of the
Bi4Ti3O12 films than those of the (Bi3.54Nd0.46)Ti3O12 ,
(Bi3.44La0.56)Ti3O12 , and (Bi3.87Sm0.13)Ti3O12 thin films as
shown in Fig. 4~a!. On the other hand, well-saturated hyster-
esis loops were observed for the (Bi3.44La0.56)Ti3O12 ,
(Bi3.54Nd0.46)Ti3O12 , and (Bi3.87Sm0.13)Ti3O12 thin films. As
shown in Fig. 8~b!, the values of Ec and its saturation
versus the applied electric field were almost the same
for the (Bi3.44La0.56)Ti3O12 , (Bi3.54Nd0.46)Ti3O12 , and
(Bi3.87Sm0.13)Ti3O12 thin films. On the other hand, the Pr of
(Bi3.54Nd0.46)Ti3O12 was larger than those of the
(Bi3.54Nd0.46)Ti3O12 and (Bi3.87Sm0.13)Ti3O12 thin films
as shown in Fig. 8~a!. The Pr and EC values
FIG. 6. ~a! The frequency dependency of «r of Bi4Ti3O12 ,
(Bi3.44La0.56)Ti3O12 , (Bi3.54Nd0.46)Ti3O12 , and (Bi3.87Sm0.13)Ti3O12 thin
films grown on (111)SrRuO3 //(111)SrTiO3 substrates, and ~b! «r of ~104!-
oriented epitaxial (Bi42xLax)Ti3O12 , (Bi42xNdx)Ti3O12 , and
(Bi42xSmx)Ti3O12 thin films as a function of the lanthanide content, x.Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject toof the (Bi3.44La0.56)Ti3O12 , (Bi3.54Nd0.46)Ti3O12 , and
(Bi3.87Sm0.13)Ti3O12 thin films were 17, 25, and 20 mC/cm2,
and 145, 135, and 135 kV/cm, respectively. Moreover, the Pr
of the (Bi3.54Nd0.46)Ti3O12 film is comparable to that of the
commercially used Pb(Zr,Ti)O3 ferroelectric thin films.12
Figure 9 shows the Pr and Ec values as a function of the
content of lanthanide substitution. As shown in Fig. 9~a!, the
Pr of the La-substituted films was almost independent of x
from 0.17 to 0.75. This behavior is in good agreement with
that previously reported for polycrystalline La-substituted
films prepared by MOCVD4 but different from the reported
one for the films prepared by the sol-gel method.15 For Nd-
substituted films, the Pr increased with the substitution con-
tent of Nd and remained almost constant for x range from
0.10 to 0.46 but decreased above x50.7. The Pr of the epi-
taxial La-substituted film was almost the same as the re-
ported one for a polycrystalline film,3,4 so that the Nd-
substitution film can be expected to have a larger Pr than the
La-substituted film even in polycrystalline form. The Pr of
the Sm-substituted films showed a maximum Pr of 20
mC/cm2 at x50.13, which slightly decreased at x50.3 and
FIG. 7. P-E hysteresis loops of ~104!-oriented epitaxial ~a!
(Bi42xLax)Ti3O12 , ~b! (Bi42xNdx)Ti3O12 , and ~c! (Bi42xSmx)Ti3O12 thin
films with various lanthanide contents, x. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Pr shown in Fig. 9~a! are similar to those of «r shown in Fig.
6. On the other hand, as shown in Fig. 9~b!, the change in the
Ec was fairly small when x was below 0.5. The same tenden-
FIG. 9. The dependency of ~a! the remanent polarization ~Pr! and ~b! the
coercive field ~Ec! values of (Bi42xLnx)Ti3O12 thin films as a function of
the lanthanide content, x.
FIG. 8. The saturation properties of ~a! the remanent polarization ~Pr! and
~b! the coercive field ~Ec! values against the applied electric field for
the Bi4Ti3O12 , (Bi3.44La0.56)Ti3O12 , (Bi3.54Nd0.46)Ti3O12 , and
(Bi3.87Sm0.13)Ti3O12 thin films.Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject tocies were also observed for the «r and Pr as shown in Figs.
5~b! and 8~a!, respectively. The larger Pr of the Nd-
substituted film than those of Bi4Ti3O12 and the La-
substituted film is considered to be due to the larger rotation
of the octahedra originating from the smaller ionic radius of
Nd31 than those of Bi31 and La31. However, the Pr of the
Sm-substituted film was smaller than that of the Nd-
substituted film, even though their ionic radii are almost the
same.9 One possibility is the lower crystal perfection of the
Sm-substituted films as shown in Fig. 1. When a polycrys-
talline film was deposited at 540 °C by MOCVD, the Nd-
substituted film was crystallized at a Bi-excess composition,
while the Sm-substituted film was amorphous.14 These re-
sults suggest that the Sm-substituted films were less crystal-
line than the Nd-substituted films. As shown in Figs. 6~b!
and 9~a!, the Pr and «r values drastically decreased at x
50.56 and x50.34 for Nd and Sm-substituted films, respec-
tively, while these values remained almost the same up to x
50.75 for La-substituted films. This means that this x value
decreased with the increasing atomic number. La, Nd, and
Sm are more likely to be substantially substituted at the Bi
site of the pseudoperovskite layer when the x value was
small. However, these atoms substituted at the Bi sites of
both the (Bi2O2)22 layer and the pseudoperovskite layer
when the x value increased. The substitution limit of the
pseudoperovskite layer is expected to decrease with the
atomic number. Therefore, the drop in Pr at the excess region
can be explained by the substitution limit of the lanthanide
element at the Bi site of the pseudoperovskite layer. A de-
tailed analysis is under way.
IV. CONCLUSIONS
In summary, the effect of the substitution at the Bi site of
La, Nd, and Sm on the ferroelectric properties was system-
atically investigated for ~104!-oriented epitaxial films grown
by MOCVD. The Pr and Ec values of (Bi3.44La0.56)Ti3O12 ,
(Bi3.54Nd0.46)Ti3O12 , and (Bi3.87Sm0.13)Ti3O12 thin films
were 17, 25, and 20 mC/cm2, and 145, 135, and 135 kV/cm,
respectively. The Pr value of the Nd-substituted Bi4Ti3O12
film was found to be the largest within the limit of the
present study. This large Pr value of the Nd-substituted
Bi4Ti3O12 film originated due to the smaller ionic radius of
Nd31 than those of La31 and Bi31, and the good crystal
perfection compared with the Sm-substituted film. As a re-
sult, the Nd-substituted film with the largest polarization is
comparable to the commercially used Pb(Zr,Ti)O3 films and
is a promising candidate for lead-free ferroelectric applica-
tions.
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